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ABSTRACT
We calculate upper bounds on the inner radii of geometrically thin accretion disks in galactic black-
hole systems by relating their rapid variability properties to those of neutron stars. We infer that the
inner disk radii do not exhibit large excursions between different spectral states, in contrast with the
concept that the disk retreats significantly during the soft-to-hard state transition. We find that, in the
hard state, the accretion disks extend down to radii ∼< 6− 25 GM/c
2 and discuss the implications of our
results for models of black-hole X-ray spectra.
Subject headings: accretion, accretion disks — black hole physics — X-rays: stars
1. INTRODUCTION
X-ray spectra and rapid variability provide discrimi-
nating signatures for the properties of accreting compact
objects. Correlating these characteristics in the case of
weakly-magnetic neutron stars has provided strong con-
straints on physical models for their accretion flows (see
van der Klis 1998 for a review). The detailed timing stud-
ies of galactic X-ray sources with the Rossi X-ray Timing
Explorer (RXTE ) make now possible the extension of sim-
ilar analyses to the case of accreting black holes.
Accreting black holes show a variety of X-ray spectral
states (Tanaka & Lewin 1995). The majority of sources are
usually observed in the so-called hard/low and soft/high
states named after the relative hardness of the X-ray spec-
tra and the luminosity in the soft (∼ 0.5 − 2 keV) X-
ray band. In the standard paradigm, the soft and hard
X-ray spectral components are attributed, respectively,
to a geometrically thin accretion disk and a hot Comp-
tonizing medium, with their relative contribution deter-
mining the source state (as is the case for coronal mod-
els [see, e.g., Haardt & Maraschi 1993; Zdziarski et al.
1998; Poutanen & Coppi 1998; Dove et al. 1997 for recent
studies], advection-dominated accretion flows [e.g., Esin et
al. 1997], etc.). In most cases, the X-ray spectra of the
hard/low state show no evidence for soft blackbody emis-
sion (e.g., Esin et al. 1997) or strong reflection features
(i.e., the backscattered emission from the putative accre-
tion disk; see, e.g., Gierlin´ski et al. 1997). Based on this, it
has been argued that, in the hard state, the geometrically
thin disks do not extend down to the innermost stable or-
bit but are truncated at tens or hundreds of Schwarzchild
radii.
The rapid variability properties of black holes can be
used in assessing the accretion-flow geometries inferred
from spectral models. Various types of quasi-periodic os-
cillations (QPOs) and peaked noise features have been
observed from many persistent and transient black-hole
sources (e.g., van der Klis 1995). The frequencies of these
variability components follow correlations that are consis-
tent with the ones observed in neutron-star systems (Wij-
nands & van der Klis 1999; Psaltis, Belloni, & van der Klis
1999a). They are, therefore, likely to be produced by sim-
ilar physical mechanisms. In particular, the QPO prop-
erties in both black-hole and neutron-star systems vary
systematically and reproducibly with spectral state and
can have fractional widths down to δν/ν ∼< 0.2 (see van
der Klis 1995). For this reason, although they are related
to the hard (> 2 keV) component of the X-ray spectrum,
their frequencies are believed to be determined by modula-
tions in the geometrically thin component of the accretion
flow.
In this Letter, we use the empirical correlations between
QPO frequencies in neutron-star and black-hole systems
to infer the fastest variability timescales for specific black-
hole spectral states. This information allows us to place
upper bounds on the inner radii of the geometrically thin
components of the accretion flows and compare them to
those inferred by the spectral models of galactic black
holes. Even though we use the empirically determined
correlations, our results are supported by the recent identi-
fication of the various observed QPO frequencies with fun-
damental general-relativistic frequencies around compact
objects (Stella & Vietri 1999; Stella, Vietri, & Morsink
1999; Psaltis & Norman 1999).
2. SPECTRA AND RAPID VARIABILITY OF ACCRETING
BLACK HOLES
We use previously published data for a sample of four
persistent and six transient galactic black-hole systems.
These include the best studied sources for which QPOs
have been detected and the corresponding spectral states
have been identified and reported in the literature. Fol-
lowing Wijnands & van der Klis (1999) and Psaltis et
al. (1999a), we include the QPOs observed in the micro-
quasars GRS 1915+105 and GRO J1655−40 only when
these sources show canonical black-hole spectral states.
Cyg X-1.—This persistent source spends most of its
time in the hard state but occasionally shows a transition
to the soft state (Cui et al. 1997 and references therein).
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2We use the results of the joined GINGA/OSSE observa-
tion of Cyg X-1 during its hard state, in which ≃ 1− 3 Hz
QPOs were observed (Rutledge et al. 1999 and refer-
ences therein). In a recent transition to the soft state,
≃ 4 − 12 Hz QPOs were also detected with RXTE, but
no spectral analysis has been reported for this observation
(Cui et al. 1997).
GX 339−4.—This is one of the few sources in which five
distinct spectral states have been observed (Wilms et al.
1999 and references therein). A ≃ 0.3 − 0.4 Hz QPO has
been recently detected during the hard state with RXTE
(Nowak, Wilms, & Dove 1999) as well as a ≃ 6 − 7 Hz
during the very high state with GINGA (Miyamoto et al.
1991).
1E 1740.7−2942 and GRS 1758−258.—These two
sources have only been observed in their hard states. Re-
cent RXTE observations have revealed the presence of
a 2.0 Hz and a 0.4 Hz QPO in 1E 1740.7−2942 and
GRS 1758−258, respectively (Smith et al. 1997). No de-
tailed spectral analysis is available for these observations,
but a canonical hard-state photon index of ≃ 1.6 was re-
ported for both sources by Smith et al. (1997).
GRO J1655−40.—During the decay phase of the recent
outburst of this superluminal source, four canonical black-
hole spectral states were identified (Me´ndez, Belloni, &
van der Klis 1998a). In the hard and intermediate states,
a ≃ 0.8 Hz and a ≃ 6.5 Hz QPO were detected, respec-
tively.
GS 1124−683 (Nova Muscae 1991).—During the 1991
outburst of this source, five distinct spectral states were
observed with GINGA and OSSE (see, e.g., van der Klis
1995 and references therein). When the source was proba-
bly in the very high state a ≃ 4− 6 Hz QPO was detected
(Miyamoto et al. 1994; Belloni et al. 1997).
4U 1630−47.—This recurrent transient has been re-
cently observed again in outburst with RXTE. While the
source was in the hard state, a ∼ 0.8 Hz QPO was detected
(McCollough et al. 1999).
GRO J0422+32.—OSSE and ASCA have observed this
transient source in both the hard and soft states. A
∼ 0.23 Hz QPO was detected during the OSSE obser-
vation, while the source was in the hard state (Grove et
al. 1998a, 1998b).
XTE J1555−324.—RXTE observations of this X-ray
nova revealed characteristic spectral states of black-hole
sources (Revnivtsev, Gilfanov, & Churazov 1999). During
the decay of the outburst, a ≃ 2−3 Hz QPO was detected.
XTE J1550−564.—This newly discovered X-ray tran-
sient shows QPOs with frequencies that vary in the range
∼ 0.1 − 10 Hz as its energy spectrum softens (Cui et al.
1998). Here we use only the data points with QPO fre-
quencies ∼> 1 Hz, for which the energy spectral indices were
reported in the literature (Sobczak et al. 1999).
Figure 1 shows the photon spectral indices and the cor-
responding QPO frequencies for the sources in our sample.
3. THE INNER RADII OF THE ACCRETION DISKS
The observed QPOs in accreting compact objects are
typically narrow (δν/ν ∼< 0.2) with properties that vary
systematically and reproducibly with spectral state. Al-
though QPOs are associated with the hard X-ray spectral
components (see, e.g., Berger et al. 1996), the above char-
acteristics can be accounted for in a physical model only if
the timing properties of the QPOs are associated with the
geometrically thin component of the accretion flow. In-
deed, for all frequencies in the flow, δν/ν ∼ (H/R)2, and
henceH/R≪ 1. This argument is model-independent and
has been the basis of most theoretical models for neutron-
star and black-hole QPOs (see Psaltis et al. 1999b for a
recent review of QPO models). In such models, Comp-
tonization in a hot medium that surrounds the accretion
disk typically amplifies the oscillations (Lee & Miller 1998;
see also Miller et al. 1998), possibly accounting for the fact
that strong QPOs are observed only when the hot compo-
nent of the accretion flow is present.
Fig. 1.— Photon spectral index versus QPO frequency ν1 for dif-
ferent spectral states (LS: hard/low state; VHS: very high state) of
galactic black-hole sources. The top axis shows the inferred upper
bounds on the inner radii of geometrically thin accretion disks for
different black hole masses.
The centroid frequency νQPO of the QPO provides an
upper bound on the inner radius Rin of the geometrically
thin component of the accretion flow. Since the fastest
variability timescale at any radius around a compact ob-
ject is the Keplerian orbital frequency, then
νQPO ≤
1
2pi
(
GM
R3in
)1/2
and hence
(
Rin
Rg
)
≤ 220 ν
−2/3
QPO
(
M
10 M⊙
)−2/3
, (1)
where Rg ≡ GM/c
2, and M is the mass of the compact
object. In this section we deduce the fastest variability
3timescales during different black-hole spectral states and
use relation (1) to place upper bounds on the inner radii
of the accretion disks.
The power-density spectra of accreting black holes typ-
ically show a broad noise component that is flat-topped
up to a break frequency νb and decreases as a power law
above it. Often, a narrow QPO at a frequency ν1 and
a broader peaked noise component at a frequency ν2 are
also detected (typically ν2 ∼ 10ν1 ∼ 10
2νb; see, van der
Klis 1995; Psaltis et al. 1999a). When present, the QPO
at ν1 is typically narrow (δν/ν ∼< 0.2) and unambiguously
detected; this is the QPO we discuss in §2 for the sources
in our sample.
In accreting, weakly-magnetic neutron stars, the same
variability components are observed in the power spectra,
together with a third QPO peak at a frequency ν3 > ν2
(van der Klis 1998; Psaltis et al. 1999a). In such systems,
the QPOs with frequencies ν1, ν2, and ν3 are often called
the HBO, lower kHz QPO, and upper kHz QPO, respec-
tively (see van der Klis 1998). The frequencies of all these
power-spectral components vary over wide ranges, often
by a factor of 102 in a given source, and yet ν1 follows
simple power-law relations (χ2/d.o.f.∼ 1; see Psaltis et al.
1998, 1999a for a thorough statistical analysis) with νb,
ν2, and ν3 (Wijnands & van der Klis 1999; Psaltis et al.
1999a). These correlations depend only weakly (if at all)
on the other properties of the sources thus demonstrating
that they are produced in the accretion flows and not by
the compact objects.
In neutron-star systems, the fastest observed timescale
is given by the QPO at frequency ν3, which follows in all
sources the empirical correlation ν1 ≃ 63(ν3/1 kHz)
1.9 Hz
(Psaltis et al. 1999a, 1999b). This correlation together
with relation (1) gives an upper bound on the inner radius
of the accretion disk, i.e.,
(
Rin
Rg
)
≤ 27 ν−0.351
(
M
2 M⊙
)−2/3
. (2)
Observation of a narrow ν1 = 70 Hz QPO in a neutron-
star system, for example, constrains the inner radius of
the geometrically thin accretion flow to be comparable to
the radius of the innermost stable orbit.
In black-hole systems, the frequencies νb, ν1, and ν2 also
vary widely, but follow the same correlations (with system-
atic differences in the normalization of less than a factor
of two) as those exhibited by neutron-star sources (Psaltis
et al. 1999a). This implies that the three variability com-
ponents with frequencies νb, ν1, and ν2 are each produced
by similar physical mechanisms in both types of compact
objects. As a result, neither ν1 nor ν2 are likely to be
associated with the highest Keplerian frequencies in the
accretion disks and hence cannot be used in constraining
the inner extent of the accretion disks. Moreover, QPOs
at ν3, which could provide this constraint directly, have
not been detected from any black-hole system2. We con-
jecture that the same physical mechanism in both neutron
stars and black holes produces QPOs at ν1 and, therefore,
even in black holes, ν1 is related to the inner radius of the
accretion disk as in equation (2).
Physical motivation for this hypothesis is provided by
recent modeling of the correlations between the QPO fre-
quencies in neutron-star and black-hole systems (Stella &
Vietri 1999; Stella et al. 1999; see also Psaltis & Nor-
man 1999). In these models, ν3, ν2, and ν1 are identified,
respectively, with the orbital, periastron precession, and
twice the nodal precession general-relativistic frequencies
of a perturbed orbit around the compact object. Given an
observation of a nodal precession frequency in a source,
the radius of the orbit, and hence an upper bound on the
inner radius of the accretion disk, is (see Stella et al. 1999)
Rin
M
≤
(
2α
pi
)1/3
ν
−1/3
1 M
−2/3 , (3)
where α is the specific angular momentum of the compact
object and we have set G = c = 1. The scaling in equa-
tion (3) is similar to the empirically inferred one, giving
physical motivation to relation (2).
Relation (2) provides a bound on the inner radius of the
geometrically thin accretion disk for each source in our
sample. The inferred bounds are shown in Figure 1, for
two different values of the black-hole mass. In all spec-
tral states in which narrow QPOs have been detected, the
accretion disks appear to extend down to ∼< 6 − 25 Rg.
Note here, that the inferred bounds are consistent with
the inner radii of accretion disks in neutron-star sources,
as determined by the frequencies of the kHz QPOs (see,
e.g., Miller, Lamb, & Psaltis 1998).
4. DISCUSSION
The upper bounds on the inner accretion disk radii de-
rived in §3 imply that, in general, the geometrically thin
disk component extends close to the innermost stable or-
bit, independently of the specific spectral state which the
accreting black hole displays. Our findings are comple-
mentary to the constraints on the geometry of the accre-
tion flows around galactic black holes derived on the basis
of radiation physics and spectral analysis of the different
spectral states (Poutanen, Krolik & Ryde 1997; Gierlin´sky
et al. 1997; Poutanen & Coppi 1998; Zdziarski et al. 1998;
Done & Z˙ycki 1998; Esin et al. 1997; Wilms et al. 1999
and references therein). In particular, in such models it
is argued that, because the reflection features in the hard
state of black-hole systems are much less prominent (e.g.,
the amplitude of Compton reflection Ω/(2pi) is ∼ 0.2− 0.3
and its associated Fe Kα lines are weak) than in Seyfert
galaxies, the inner radius of the disk cannot be very close
to the black hole, in order to subtend a smaller solid angle
to the X-ray emitting region (e.g., Gierlin´ski et al. 1997).
In these spectral models, it is often postulated that, in-
side the truncated disk, a hot central medium/corona–like
structure produces the observed hard component of the
spectrum. The transition to soft state is then assumed to
occur as the geometrically thin disk moves inwards and
the dissipated energy emerges in the form of a blackbody-
like spectrum (see, however, Di Matteo, Celotti, & Fabian
2It is, unclear what determines the amplitudes and detectability of these QPOs in neutron-star systems and hence the reason for their
absence from black-hole power spectra (see, Psaltis et al. 1999a for a discussion). Indeed, there is an example of a transient neutron-star source
(4U 1608−52; Me´ndez et al. 1998b) in which the QPO at ν2 is strong and can be directly detected, but the QPO at ν3 is revealed only after
the data are analyzed using the so-called shift-and-add technique.
41999). An alternative possibility, which includes a dynam-
ical description of the Comptonizing medium, has been
discussed within the context of advection-dominated ac-
cretion flows (ADAF; Esin, McClintock, & Narayan 1997);
in these models, the inner Compton medium in the hard
state is identified with an advection dominated region, out-
side of which the thin disk exists.
Figure 1 shows that the QPO frequencies observed in
the hard and very-high states of all sources in our sample
lie in a rather restricted range. Even though the presence
of a transition in the accretion disk properties cannot be
excluded, Figure 1 implies that the inner radii of the accre-
tion disks cannot show large excursions between the dif-
ferent spectral states. Therefore, the concept of a geomet-
rically thin disk retreating significantly during the soft-to-
hard state transition is not supported by our results. (Note
though that for some sources there seems to be weak evi-
dence for a systematic change in the QPO frequency with
spectral state.) In agreement with the presence of a soft
X-ray excess in the observed spectra of black-hole systems
in the very-high state, we find that the inferred inner ac-
cretion disk radii are comparable to the radius of the in-
nermost stable orbit. On the other hand, for all sources
in our sample, the inner accretion disk radii in the hard
state are inferred to be only ∼ 6− 25 Rg (see Fig. 1).
To illustrate this point explicitly, we discuss specific
sources for which detailed spectral modeling has been per-
formed and compare the inferred inner disk radii to the
bounds deduced here based on their rapid variability. For
the hard state of Cyg X-1, the truncation radius of the
accretion disk is inferred to be ∼ 30 − 50 Rg in coronal
models (Poutanen et al. 1997; Poutanen & Coppi 1998;
Done & Z˙ycki 1999) and ∼ 200 Rg (or strictly > 60Rg)
in ADAF models (Esin et al. 1998). On the other hand,
the detection of a ∼> 1 Hz QPO in the same state implies
Rin < 8− 12 Rg, depending on the mass of the black hole.
For the hard state of GX 339−4, Rin ∼> 150 Rg for both
coronal and ADAF models (Zdziarski et al. 1998; Wilms
et al. 1999), whereas the rapid variability constraints im-
ply Rin < 12 − 20 Rg. In GRO J0422+32, ADAF models
require Rin ∼ 10
4 Rg (Esin et al. 1997), while the presence
of a ≃ 0.23 Hz QPO constraints the inner disk radius to
be Rin < 15− 25 Rg.
In all the above sources, the discrepancy between the in-
ner disk radii inferred from the rapid variability and those
reported from spectral studies can be as large as a few or-
ders of magnitude. However, in many spectral models, Rin
was not necessarily chosen to be the smallest value con-
sistent with the observed X-ray spectra. Here we showed
that rapid variability properties impose upper bounds on
the inner extent of the geometrically thin accretion disks
in galactic black-hole systems. We, therefore, argue that
combining both the variability and spectral properties of
accreting black holes provides complementary constraints
on models of their inner accretion flows. Our constraints
on the inner radii will become unambiguous with the de-
tection of quasi-periodic variability in the hard state of
black hole systems with frequencies ν3 ∼> 100 Hz. Such
a detection would also impose a strict upper bound on
the mass of the compact object and possibly reveal the
presence of a spinning black hole.
We are grateful to Greg Sobczak for sharing with us his
results prior to publication. We also thank Mike Nowak,
Jo¨rn Wilms, and Ramesh Narayan for helpful comments
on the manuscript. T.D.M. acknowledges support for
this work provided by NASA through Chandra Postdoc-
toral Fellowship grant number PF8-10005 awarded by the
Chandra Science Center, which is operated by the Smith-
sonian Astrophysical Observatory for NASA under con-
tract NAS8-39073. This work was supported in part by
a postdoctoral fellowship of the Smithsonian Institution
(D. P.).
REFERENCES
Belloni, T., van der Klis, M., Lewin, W.H.G., van Paradijs, J.,
Dotani, T., Mitsuda, K., & Miyamoto, S. 1997, A&A, 322, 857
Berger, M., van der Klis, M., van Paradijs, J., Lewin, W.H.G.,
Lamb, F.K., Vaughan, B., Kuulkers, E., Augusteijn, T., Zhang,
W., Marshall, F. E., Swank, J.H., Lapidus, I., Lochner, J. C., &
Strohmayer, T.E. 1996, ApJ, 469, L13
Charles, P.A. 1998, in Theory of Black Hole Accretion Disks, eds. M.
Abramowicz, G. Bjornsson, & J. Pringle, 1 (astro-ph/9806217)
Cui, W., Zhang, S.N., Focke, W., & Swank, J. H. 1997, ApJ, 484,
383
Cui, W., Zhang, S. N., Chen, W., & Morgan, E.H. 1999, ApJ, 512,
L43
Di Matteo, T., Celotti, A., & Fabian, A.C. 1999, MNRAS, 304, 809
Done, C., & Z˙ycki, P. T. 1999, MNRAS, 305, 457
Dove, J. B., Wilms, J., Maisack, M.G., & Begelman, M.C. 1997,
ApJ, 487, 759
Esin, A., McClintock, J. E., & Narayan, R. 1997, ApJ, 489, 865
Esin, A.A., Narayan, R., Cui, W., Grove, J. E., & Zhang, S.N. 1998,
ApJ, 505, 854
Gierlin´ski, M., Zdziarski, A. A., Done, C., Johnson, W.N., Ebisawa,
K., Ueda, Y., Phlips, F. 1997, MNRAS, 288, 958
Grove, J. E. et al. 1998a, ApJ, 500, 899
Grove, J. E., Strickman, M. S., Matz, S.M., Hua, X.-M., Kazanas,
D., & Titarchuk, L. 1998b, ApJ, 502, L45
Haardt, F., & Maraschi, L. 1993, ApJ, 413, 507
Lee, H. C., & Miller, G. S. 1998, MNRAS, 299, 479
McCollough, M.L., Harmon, B.A., Dieters, S., & Wijnands, R. 1999,
IAUC 7165
Me´ndez, M., Belloni, T., & van der Klis, M. 1998a, ApJ, 499, L187
Me´ndez, M., van der Klis, M., Wijnands, R., Ford, E. C., van
Paradijs, J., & Vaughan, B.A. 1998b, ApJ, 505, L23
Miller, M. C., Lamb, F. K., & Psaltis, D. 1998, ApJ, 508, 791
Miyamoto, S., Kimura, K., Kitamoto, S., Dotani, T., Ebisawa, K.
1991, ApJ, 383, 784
Miyamoto, S., Kitamoto, S., Iga, S., Hayashida, K., & Terada, K.
1994, ApJ, 435, 398
Nowak, M.A., Wilms, J., & Dove, J. B. 1999, ApJ, 517, 355
Poutanen, J., & Coppi, P. 1998, Phys. Scripta, T77, 57 (astro-
ph/9711316).
Poutanen, J., Krolik, J. H., Ryde, F. 1997, MNRAS, 292, L21
Psaltis, D., Belloni, T., & van der Klis, M. 1999a, ApJ, 520, 262
Psaltis, D. et al. 1999b, ApJ, 520, 763
Psaltis, D., & Norman, C. 1999, ApJ, submitted
Revnivtsev, M., Gilfanov, M., & Churazov, E. 1999, A&A, in press
(astro-ph/9804173)
Rutledge, R. E. et al. 1999, ApJ, in press (astro-ph/9807235)
Smith, D.M., Heindl, W.A., Swank, J., Leventhal, M., Mirabel, I. F.,
Rodriguez, L. F. 1997, ApJ, 489, L51
Sobczak, G. J., McClintock, J. E., Remillard, R. A., Levine, A.M.,
Morgan, E.,H.,Bailyn, C.D., & Orosz, J. A. 1999, ApJ, 517, L121
Stella, L., & Vietri, M. 1999, Phys. Rev. Lett., 82, 17
Stella, L., Vietri, M., & Morsink, S.M. 1999, ApJ, in press (astro-
ph/9907346)
Tanaka, Y., & Lewin, W.H.G. 1995, in X-ray Binaries, eds. W.H.G.
Lewin, J. van Paradijs, & E.P. J. van den Heuvel (Cambridge:
University Press)
van der Klis, M. 1995, in X-ray Binaries, eds. W.H.G. Lewin, J.
van Paradijs, & E.P. J. van den Heuvel (Cambridge: University
Press)
———. 1998, in The Many Faces of Neutron Stars, Proc. NATO
ASI, Lipari, Italy (Dordrecht: Kluwer), 337
5Wijnands, R., & van der Klis, M. 1999, ApJ, 514, 939
Wilms, J., Nowak, M.A., Dove, J. B., Fender, R.P., & Di Matteo,
T. 1999, ApJ, in press (astro-ph/9904123)
Zdziarski, A.A., Poutanen, J., Mikolajewska, J., Gierlin´ski, M., Ebi-
sawa, K., & Johnson, W.N. 1998, MNRAS, 301, 435
